INTRODUCTION
North American paleoenvironmental reconstructions in which fossil bryophytes have been utilized are listed and discussed in Miller (1980a, b, c) and Janssens (1981) , while some of the European work is considered by Dickson (1973) and Birks & Birks (1980) . Bryophyte data throughout a stratigraphic column are conventionally indicated by presence or absence, or by abundance estimates, usually based on the volume of material. More information on a method for abundance estimates can be found in Vasari (1962) . Relative frequencies of Sphagnum types, based on leaf identifications of random subsamples, are presented by Green & Pearson (1977) and the value of this method is discussed in their paper and by Barber (198 1) .
Fossil bryophyte fragments have not, however, been identified or quantified in the same way as have other macrofossils and pollen grains (Birks & Birks 1980) . This is surprising, because bryophyte remains dominate or form the bulk of identifiable material in autochthonous peats, samples can be extracted easily from large-diameter cores, and 0022-0477/83/030&0189 $02.00 a1983 British Ecological Society well-preserved fossil fragments can be identified to the species level. The uniform but nevertheless complex, basic structure of bryophytes makes it possible to use a reproducible and reliable measure of preservation class. The preservation class of bryophyte specimens of a single species may indicate the amount of transport or (in clearly autochthonous peats) the degree of humification. Large differences in preservation class among species with different habitat preferences but in the same fossil assemblage may point to a different pre-burial history of individual components of the sample, and in non-autochthonous peats this may result from differential transport.
It has been reported that bryophytes are poor indicators of macroclimate or macro-environment (Miller 1980~) . Most taxa have clearly circumscribed habitat requirements, however, and in most cases their autecology and the macroclimate in which they live are well documented. The local bryophyte communities inferred can then be used in conjunction with pollen and macrofossil data to reconstruct Quaternary landscape evolution.
In this paper, I present an attempt to identify and quantify all fossil bryophyte fragments, including Sphagnum, that can be recognized in continuous cores of well-preserved Holocene peat and to demonstrate the significance of these remains in reconstructing local conditions.
MATERIAL AND METHODS

Core site
The peat core, taken in Beltrami County, Chase Brook Quadrangle (48" 18'3OUN, 94"41140"W), and analysed in this study, is one of a large number taken in the Red Lake Peatland, northern Minnesota. This extensive and complex patterned mire covers 1200 km2 of the former bed of Glacial Lake Agassiz. Raised peat bogs and water-tracks (narrow patterned fen strips between raised bog areas) are recognized throughout this area (Heinselman 1963 , Glaser et al. 1981 . Elucidation of the developmental history of these closely spaced landforms is the aim of the present project to which this paper is a contribution. The core used to demonstrate methods of bryophyte analysis was extracted from a narrow strip of poor fen between a forested ovoid island (bog) and a water-track (rich fen) in the west-central watershed of Red Lake Peatland (Glaser et al. 1981; their Plate 3, 11) . It is the central core of a 500-m long transect from the water-track onto the ovoid island (Glaser et al. 198 1) . The first section of the core (0-65 cm) was taken with a 4-inch diameter modified Livingston piston sarnpler and the five subsequent sections with a %-inch diameter Livingston piston sampler (Cushing & Wright 1965 ) to a depth of 4.17 m. About 80% of the whole depth was recovered in the core. The basal peat in this core is not yet dated, but a date of formation of the basal.peat in the eastern portion of the Red Lake Peatland (25 km to the east of the coring site) is 3950 years B.P. (Glaser et al. 1981 ) and the western portion (12 km west of the coring site) is 3 170 years B.P. (Griffin 1977) .
Sampling andpeat processing
The core sections were sliced longitudinally in two equal halves. One half was stored for future analyses of micro-and macrofossils, and of physical variables, and the other half was divided into 5-cmsections. If the depth v. age relationship were linear each section would represent 35-45 years, and this was why this length was chosen. The volume of the 5-cm segment samples was approximately 50 ml for the 2-inch diameter core sections and 200 ml for the 4-inch diameter core section. The exact volumes of the samples were determined by a simple method, using displacement, that was developed to measure volumes of bulk samples of fibrous peat with high accuracy and very little disturbance to the peat. A 300-ml volumetric flask with a long, graduated neck was constructed so that it could be taken apart to insert bulk peat samples, of up to 250 ml volume. A screen was clamped in place above the peat in the body of the flask and the flask reassembled. A known volume of water was then added to the flask through the neck. The screen restrained floating particles of peat from reaching the meniscus in the graduated neck of the volumetric flask and allowed complete recovery of the peat from the flask.
The samples were next soaked for 3 days in water with a non-foaming wetting agent-KOH or dilute nitric acid (Wasylikova 1979) are not suitable for recovery of bryophyte fragments-and the sample was then sifted through a 420-pm mesh sieve. Only material which was retained on this sieve was kept for bryophyte analysis. The soaking and sifting enabled me to suspend separately all organic particles (which passed the sieve) and bryophyte fragments in a 1-1 volume of water, so that three subsamples of known volume (50-200 ml), had a representative composition of bryophyte fragments.
Recovery of bryophyte fragments
All the bryophyte fragments in the subsamples were examined with a stereoscopic microscope and then stored in glycerine for later identification and mounting. If one or a few of the types were extremely abundant and easily identifiable, only some fragments were stored, and the rest counted.
Problems arose when the above procedure was attempted for the Sphagnum component in Sphagnum-rich peat samples, because loose leaves were often a major component of the fossil assemblage. In such cases the total number of Sphagnum leaves in the subsample was estimated and whole Sphagnum plants, if present, or all branches and a number of randomly picked leaves were stored for identification. Sphagnum fragments were stored in water rather than glycerine to facilitate later staining with gentian violet for identification. Calculation of the concentration of Sphagnum species is discussed later.
Identijication, reliability and counting
Well-preserved fragments were mounted on slides in Hoyer's solution (a clearing mounting medium, containing chloral hydrate: Anderson 1954) and identified. Voucher slides are deposited in the Limnological Research Center, University of Minnesota. The nomenclature of the taxa follows Andrus (1980) for Sphagnum and Ireland et al. (1980) for other Musci. The preservation class for each taxon in a fossil assemblage, reflecting the reliability of the identification, was determined using the key in Table 1 . It is a modification of the reliability index employed previously (Janssens & Zander 1980) . Unidentified fragments were assigned to class 0.
All the stored fragments of the subsamples were identified and counted, and the number of fragments was added to any earlier counts of the same type, made during the extraction procedure. This method sufficed for all bryophytes except Sphagnum. Initially only the proportion of each Spjagnum species was determined, based on the identification of all the stored material. The several replicate subsamples were used to confirm the proportions. At the moment it is thus assumed that the different Sphagnum species in a fossil peat assemblage are represented by the same proportion of whole plants, branches and leaves. The total number of Sphagnum fragments is calculated by adding the counts for plants, branches and leaves. Because the numerous branches and leaves would drastically over-estimate this total Sphagnum fragment count, I divided the number of branches by 10 and the number of leaves by 100, before addition. The number of fragments of an individual Sphagnum species was then calculated by multiplying the fragment type by the appropriate factor. The values 10 and 100 used in the calculation were no better than crude weighting factors, and it is thus assumed that all Sphagnum species in the fossil assemblages are represented in the same degradational state. However, differential preservation has been reported for bryophytes other than Sphagnum (Steere 1942; Miller 1976) and is also discussed by Clymo (1965) and Barber (1981) for Sphagnum. There has been little research into differential preservation of bryophytes and an attempt will be made to gain some insight into differential decomposition processes among taxa with litter-bag experiments (see also Clymo 1965) .
Bryophyte concentration and diagram preparation
The volumes of peat, suspension and subsamples were known, so the number of fragments could be expressed as a concentration in the peat (as fragments 100 ml-I). The concentration values of all types were used to generate the concentration diagram (Fig. 1) .
The program POLLDATA, developed by E. 3'. Cushing was initially used to draw this diagram, and to calculate and draw the percentage diagram from the concentration data. A preservation index (PI) for each assemblage was calculated as a weighted average of the preservation class of all types (PC,), including Musci Indeterminate in the fossil assemblage. The weighting is based on the concentration for each type (c,) in the assemblage.
The weighted average, which can range between 0 and 10, reflects the general preservation of the bryophytes in the whole sample.
RESULTS
Fifty-three of the fifty-eight samples in the peat core contained abundant bryophyte remains, and the concentration of moss fragments (excluding separated Sphagnum leaves) ranged from 10 to 24 000 (100 m1)-I (Fig. 1) . The mean fragment concentration is 3360 in this core. It is thus obvious that a core of 10 cm or even 5 cm in diameter may contain enough bryophyte material to attempt quantification of species at 5-cm intervals. Only in five of the fifty-eight samples was it impossible to count more than 100 fragments, identifiable to species.
A total of seven bryophyte species and two varieties was recognized. No liverworts were recovered; it has been generally assumed that selective preservation causes their under-representation in fossil assemblages (Steere 1942; Culberson 1955) . Taxa belonging to the Amblystegiaceae are the most common and the most abundant (half of the taxa in the peat column). Maximum concentration for this family reaches 21 000 (100 ml)-I, in comparison with a maximum of 3700 for Sphagnaceae and 900 for all other bryophytes (Bryaceae, Meesiaceae, Aulacomniaceae, Polytrichaceae). The preservation index is uncorrelated with the total concentration (Fig. I) , so it is clear that the high densities are not caused by an increased breakdown of moss fragments and smaller fragment size. Scorpidium scorpioides and Calliergon trifarium attained high concentrations in particular thin zones. These bryophytes are also common peat formers in central EuropeLeitmoose of Jasnowski (1957a) . Other taxa are frequently found to be associated with these species (Aulacomnium palustre, Bryum pseudotriquetrum, Drepanocladus exannulatus)-Begleiter of Jasnowski (1957a) .
Peaks at depths of 260, 90, and 30 cm are a consequence of high concentrations of Amblystegiaceae. The maxima at 165 and 20 cm reflect a high concentration of Sphagnaceae. The two surface samples are also dominated by Sphagnum, but the concentration is low because the plants were intact. However, the size of the fragments, including Sphagnum stems, is neaily constant throughout the core except for these top samples. Remains of Sphagnum spp. appear in considerable abundance only at 225-100 cm and 50-0 cm. The Arnblystegiaceae are very obvious from the base upward. Other families are represented by low concentrations throughout the peat column. Most fossil assemblages are formed commonly by only a few species, and consequently all the zones throughout the sequence can be sharply defined.
The summary curves in the percentage diagram (Fig. 1, lower part) indicate five distinct zones. Zone CH 12 A (300-245 cm) is dominated by Amblystegiaceae. Calliergon trifarium and Scorpidum scorpioides are co-dominant. Sphagnum centrale is present in low percentages in the middle part of this zone. Zone CH 12 B (245-225 cm) is completely dominated by Meesia triquetra, which attains concentrations of 670 (100 m1)-l. Zone CH 12 C (225-205 cm) is characterized by Sphagnum centrale, S. contortum, S. magellanicum and S. subsecundum with high concentration of Meesia triquetra during short intervals. Sphagnum centrale is absent in the upper part of Zone C, where S. contortum and S. subsecundum become more evident and some new Amblystegiaceae, including Calliergon cordifolium, C. stramineum and Drepanocladus lapponicus appear. Zone CH 12 D (105-45 cm) is similar to Zone CH 12 A, with Arnblystegiaceae dominant. Calliergon trifarium is co-dominant with Scorpidum scorpioides. However, Bryum pseudotriquetrum is replaced by Drepanocladusfluitans and D. lapponicus, and Campylium stellatum var. stellatum is replaced by var, protensum. Also evident is Sphagnum angustifolium, the dominant species of the next zone. Zone CH 12 E (45-0 cm) is more heterogeneous than any of the lower zones. Sphagnum angustfolium is prominent throughout but the density of this taxon fluctuates greatly.
Other species that become co-dominant during short intervals are, in chronological order, Drepanocladus lapponicus, Calliergon stramineum, and Sphagnum centrale, the latter in the surface samples. Additional species, in stratigraphical order. are Aulacomnium palustre, Drepanocladus exannulatus, Sphagnum papillosum and finally Polytrichum strictum in the surface samples.
DISCUSSION
Paleoenvironmental reconstructions based on a single core are necessarily tentative. Changes in bryophyte composition between Zone CH 12 A and CH 12 C inclusive support two alternative hypotheses. (i) A rich-fen pool system (Zone CH 12 A) became shallower and was colonized by minerotrophic Sphagnum species (carpets of floating S. contortum, emergent S. subsecundum, and low hummock forming S. centrale). Meesia triquetra (Zone CH 12 B and fluctuating during Zone CH 12 C) indicates the ecotonal phases between the pool (Zone CH 12 A) and carpet environments (Zone CH 12 C).
(ii) An adjacent emergent carpet, formed by the minerotrophic Sphagnum species gradually, and with fluctuations, expanded over the site of a rich-fen pool. Meesia triquetra would be growing on the edge of the hummock or in the pools as low, emergent tufts. Zone CH 12 D indicates a return of wetter, still minerotrophic conditions. However, several of the minor components indicate the nearby presence of a less minerotrophic mire system. The sudden increase of Sphagnum angustifolium, often a dominant species in ombrotrophic and weakly minerotrophic mires, indicates during the beginning of Zone CH 12 E establishment or the expansion over the site of the nearby ovoid island. Sphagnum angustifolium is encountered frequently in the wetter areas of present-day bogs.
No evidence is found of those species growing today on high, oligotrophic hummocks of the strings in the fens and on the bogs (S. fuscum). The very abrupt appearance of a less minerotrophic system at the site suggests an alternative hypothesis for local vegetation history during the period of peat accumulation in Zones CH 12 C to CH 12 E. It is possible that the rich-fen peat accumulation of Zone D was formed after an erosion of fen peat. This possible hiatus would represent erosion created by an incipient water-track in a weakly minerotrophic system that was converting to bog. This erosion would eliminate any record of the gradual development of less minerotrophic systems near the site. During the beginning of Zone CH 12 E an expansion of the established nearby bog might have covered the site. Slightly more minerotrophic conditions predominate again at the end of Zone CH 12 E, reflecting the intermediate fen system that exists today on the site (Laris-Chamaedaphne zone with Sphagnum centrale, S. papillosum and Polytrichum strictum).
Two reservations about the reconstruction of paleoenvironments with bryophyte data must be recorded. First, in particular zones of the core, a high proportion of all fragments consists of types that cannot be identified to species level. Poor, selective preservation and the inherent complexity of these taxa are the cause. As a consequence, paleoenvironmental reconstruction is less detailed than is desirable.
Secondly, it is very interesting that the Zone CH 12 A assemblages are not found in Minnesota today; Calliergon trifarium and Scorpidium scorpioides are very infrequently found abundantly together now (Jasnowski 1957b; RybniEek 1966; D. G. Horton & D. H. Vitt, personal communication) . This problem-of no modern example of an assemblageis mostly encountered in late-glacial and older assemblages (Birks 1981) . But the greatest age recorded for peat in Red Lake Peatland is no more than 4000 years. Unique habitats must have been present during the period when peat began to accumulate on the bed of Glacial Lake Agassiz.
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